Roots of young soybean (Glycine max [L.] Merr.) plants (up to 25 days old) contain two distinct urease isozymes, which are separable by hydroxyapatite chromatography. These two urease species (URE1 and URE2) differ in: (a) electrophoretic mobility in native gels, (b) pH dependence, and (c) recognition by a monoclonal antibody specific for the seed ("embryo-specific") urease. By these parameters root URE1 urease is similar to the abundant embryo-specific urease isozyme, while root URE2 resembles the "ubiquitous" urease which has previously been found in all soybean tissues examined (leaf, embryo, seed coat, and cultured cells). The embryo-specific and ubiquitous urease isozymes are products of the Eul and Eu4 structural genes, respectively. Roots of the eul-sun/eul-sun genotype, which lacks the embryo-specific urease (i.e. 'seed urease-null'), contain no URE1 urease activity. Roots of eu4/eu4, which lacks ubiquitous urease, lack the URE2 (leaflike) urease activity. From these genetic and biochemical criteria, then, we conclude that UREl and URE2 are the embryo-specific and ubiquitous ureases, respectively. Adventitious roots generated from cuttings of any urease genotype lack URE1 activity. In seedling roots the seedlike (URE1) activity declines during development. Roots of 3-week-old plants contain 5% of the total UREI activity of the radicle of 4-day-old seedlings, which, in turn, has approximately the same urease activity level as the dormant embryonic axis. The embryo-specific urease incorporates label from [35S]methionine during embryo development but not during germination, indicating that there is no de novo synthesis of the embryo-specific (URE1) urease in the germinating root. We conclude that the seedlike urease (URE1) found in roots of young soybean plants is a remnant of the Eul-encoded, abundant, embryo-specific urease which accumulates in the embryonic root axis during seed development.
are distinguishable by a number of biochemical criteria, most notably Km (7, 15) and pH dependence (7) . Each urease isozyme is encoded by a single structural gene. This conclusion is derived from studies of soybean urease mutants, which lack one of the two isozymes. 'Class I' mutants lack the embryo-specific urease but contain normal leaf (ubiquitous) urease (11) . All class I mutants identify a single locus, Eul (2, 8, 9 ), which appears to encode the embryo-specific urease since, as a group, eul mutants contain alterations in both the level and nature of the embryo-specific urease. Some eul mutants lack urease mRNA and all lack all or most seed urease antigen; one of the "leaky" mutants was found to contain low levels of an aberrant embryo urease (11) .
A 'class III' urease mutant lacks leaf (ubiquitous) urease activity but contains normal embryo-specific urease activity (6, 18) . This mutant, aj3, defines a second locus, Eu4. ('Class II' mutants, which lack both urease activities [12] , are not a subject of this paper.)
Although eu4/eu4 plants lack leaf (i.e. ubiquitous) urease, roots of young eu4/eu4 plants contain substantial urease activity (17) . In this work we sought to determine whether this root urease is encoded by Eul or by a heretofore unidentified urease gene which is active in germinating roots. We report that roots of young normal soybean plants contain both a seed (embryo)-like and a leaf (ubiquitous)-like urease, which are encoded by Eul and Eu4, respectively. We also examined whether the Eul-encoded urease found in roots was indeed embryo-specific or was also synthesized in developing roots, by measuring its incorporation of [35S]methionine during germination. Furthermore, to distinguish root influences from germination influences on Eul expression, we compared adventitious and seed-derived roots.
Two urease isozymes have been identified in soybean: the "ubiquitous" urease is present in roughly equivalent levels in all tissues examined (leaves, cultured cells, seed coat, and embryo (16, 17) ). The "embryo-specific" urease is confined to the embryo (14, 18) and in the dormant seed is 1000 times as active as the ubiquitous urease. The two urease isozymes This work is in partial fulfillment of the requirements for the doctoral degree (R.S.T.). Supported in part by the Missouri Agricultural Experiment Station and by grants from the National Science Foundation (DCB-8718314 and DCB-8804778) and the U.S. Department of Agriculture (59-2291-1-1-672-0). This is journal paper number 11,209 from the Missouri Agricultural Experiment Station.
MATERIALS AND METHODS Root Urease Partial Purification and Hydroxyapatite

Chromatography
Soybean (Glycine max [L.] Merr. cv Williams 82) plants were germinated in vermiculite flats in a greenhouse, and after 7 d, were fertilized every other day . At 2 to 3 weeks after germination, roots were excised at the base, washed in dH20, blotted dry, and stored at -70°C.
Approximately 100 g frozen root tissue were powdered in LN2 and ground in a mortar in 300 mL Mes extraction buffer (0.025 M Mes [pH 6 .1], 10 mm 2-mercaptoethanol, 0.1 mM PMSF). The slurry was stirred at 4°C for 3 to 4 h, centrifuged at 10,000g 20 min, and the supernatant was incubated at 60°C for 1 h, cooled on ice, and recentrifuged. Ammonium sulfate was added slowly to the supernatant with stirring to 45% saturation, and the precipitate was collected by centrifugation, resuspended in 25 mL 0.01 M K-phosphate buffer (pH 7.0) (plus 1 mm EDTA and 10 mM 2-mercaptoethanol), and extracted in an equal volume ofchloroform. The aqueous phase was loaded directly onto a 25-mL (2 x 5 cm) hydroxyapatite (Bio-Gel HTP, Bio-Rad Laboratories) column, which was subsequently washed with two bed volumes of K-phosphate buffer. Protein was eluted from the column with a 700 mL linear gradient of 0.01 M to 0.3 M K-phosphate (plus 1 mM EDTA and 10 mm 2-mercaptoethanol, pH 7.0). Fractions containing urease activity were identified by incubating 50 ,uL effluent with 50 ,uL 10 mm urea 1 h at 50°C, followed by the addition of 50 ,uL Nessler's reagent (ammonia color reagent, Sigma). Active fractions gave brick-red precipitates, and their activity was determined quantitatively as described in the following section.
Fractions within urease peaks were pooled, precipitated from 45% saturated ammonium sulfate, resuspended in 0.4 mL 0.05 M Tris-glycine (pH 8.3) , and stored at -70°C for analysis by gel electrophoresis and pH dependence.
Urease and Protein Assays
Urease activity in tissue extracts and hydroxyapatite column fractions was measured in 0.1 M Tris-maleate (pH 7.0 or pH 9.0 for the embryo-specific or the ubiquitous urease, respectively) containing 10 mM ['4C]urea (15 ,Ci/mmol). For pH optimum determination, the assay buffer contained a mixture of 0.05 M each of Tris, maleate, and Mops, which was titrated to the desired pH with either NaOH or HCI.
The assay was initiated by addition of a 5 to 50 ML sample to 0.5 mL assay mixture in a 5-mL scintillation vial. Vials were capped with a 2.5 cm section of rubber tubing (Scimatco, Fisher Scientific), fitted at the other end with an inverted scintillation vial, containing a 0.5 x 0.5 cm wick of glass fiber filter paper impregnated with 50 ,uL 9 M monoethanolamine.
Vials were incubated at 37°C for 1 to 2 h. Reactions were stopped by the addition of0.5 mL 2 N H2SO4 injected through the tubing. After 0.5 h, the vials were separated and 200 ,uL 95% ethanol were added to the vial containing the wick. The vial was vortexed briefly prior to the addition of 4 mL scintillation fluid (Ecolume, ICN Biomedicals, Inc.), followed by revortexing. Vials were counted by scintillation spectroscopy, and urease activity was calculated from the amount of 14C02 trapped on the wicks. A unit of urease catalyzes the hydrolysis of 1 nmol urea in 1 min at 37°C.
Protein was determined by the Bradford assay according to the instructions of the dye reagent manufacturer (Bio-Rad Laboratories, Richmond, CA).
Denaturing Gel Electrophoresis
Polyacrylamide gel (7.5%, 0.75 mm thickness) electrophoresis was as described by Laemmli (10) activity units were loaded on gels which were run at 20 mA constant current and stopped after the dye front reached the bottom of the gel (4-5 h). Urease bands were visualized either by urease activity stain (3) or on a Western blot using rabbit anti-soybean seed urease antiserum ( 13) .
Westem Blot
Slab gels (native and LDS) were electroblotted to nitrocellulose filters according to the procedure of Towbin et al. (22) . Urease bands were visualized by standard Western technique (22) , using rabbit anti-seed urease polyclonal antiserum (14) diluted 1/200 in blocking solution (0.5% Tris-Cl [pH 7.5] and 0.5 M NaCl, 5% [w/v] dry milk). For blots probed with mouse hybridoma antibody (see below), primary antibody solution was a 1:10 dilution of preconditioned growth medium (in which cells were grown to high density) in blocking solution.
Seed Urease Monoclonal Antibody
Urease was purified to near homogeneity from dry seeds by the procedure of Polacco and Havir (14) . This preparation was denatured and resolved by SDS-PAGE (7.5% gel, 2 mm thickness). The Cuttings of 3-week-old soybean plants (cv Williams 82 and leaf urease mutant aj3), excised above the primary leaf node, were rooted in water for 3 weeks, transferred to vermiculite, grown for another 2 weeks in the greenhouse, and fertilized every other day (Peters 20-20-20) . Roots and leaves were excised, frozen in LN2 and extracted in Mes buffer (approximately 10 mL per 5 g tissue). Extracts were centrifuged, and duplicate supernatant aliquots were assayed for urease activity at pH 7.0 and pH 9.0, as described above.
Seedlike Root Urease Developmental Study
Seedlings of leaf urease-negative mutant aj3 were germinated in vermiculite flats in the greenhouse and fertilized regularly as described above. Seedlings were harvested at 4, 10, and 20 d after planting. Four-day-old seedlings were divided into three parts: cotyledons, hypocotyl (green, exposed portion directly beneath cotyledons), and radicle. Older seedlings were divided into leaves, stem (between cotyledons and primary leaf node), cotyledons, green hypocotyl stem, and roots. Tissues were frozen in LN2 and stored at -70°C. Tissue was extracted in a mortar with Mes buffer (approximately 4 mL/g tissue), and incubated at 0°C for 1 to 2 h. Extracts were then centrifuged l0,OOOg, 10 Radiolabeled tissue was extracted in Mes extraction buffer (approximately 1 mL/sample) and centrifuged 7 min at l0,OOOg to remove particulates. Approximately 0.2 to 0.4 mL supernatant was diluted 5-fold in 10 mm K-phosphate buffer (pH 7.0, 1 mm EDTA, 10 mm 2-mercaptoethanol) and applied to a 4-mL hydroxyapatite (Bio-Rad HTP) column in a 5 mL plastic syringe, which was washed with two bed volumes 10 mM K-phosphate buffer. Urease activity was eluted with 80 mm K-phosphate (pH 7.0, 1 mm EDTA, 10 mM 2-mercaptoethanol) and detected by Nessler's reagent as described above. Active fractions were pooled, precipitated in ammonium sulfate (45% saturation), collected by centrifugation, resuspended in 0.1 mL 0.1 M Tris-maleate (pH 7.0), and microdialyzed against this buffer as described above.
Approximately 20 units of urease were loaded onto native discontinuous PAGE gels (7.5% acrylamide) prepared in 4 mm diameter glass tubes. Electrophoresis was conducted at 5 mA constant current, using 0.05 M Tris-glycine ( Tube gels were then stored at -70°C until used for second dimensional resolution. After thawing, a tube gel was placed in the top reservoir of a 0.75 mm vertical slab gel (7.5% acrylamide), to which it was sealed with a layer of lukewarm molten agarose (0.5% in equilibration buffer, plus 0.05% bromphenol blue). When the agarose layer solidified, SDS-running buffer (0.024 M Tris-glycine, [pH 8.3] and 1% SDS) was added to reservoirs. Electrophoresis was conducted at 15 mA constant current, and stopped when the dye front reached the bottom of the gel. Gels were electroblotted overnight to nitrocellulose filters, and the urease spot was identified by Western blot analysis, using rabbit polyclonal antiserum (14) . Filters were then air-dried and exposed for 4 weeks to x-ray film.
RESULTS
Hydroxyapatite Resolves Two Electrophoretically Distinct Urease Species from Soybean Roots
Urease, partially purified (see "Materials and Methods") from roots of 2-to 3-week-old soybean plants, elutes from a hydroxyapatite column in two activity peaks, designated URE1 and URE2 (Fig. 1) . The relative activity of URE1 versus URE2 (measured at pH 9.0) decreases as preparations are made from older plants. In the profiles shown in Figure  1 , roots of 15-d-old plants (A) have relatively more URE1 than those of 25-d-old plants (B).
On native gels, root URE1 and URE2 behave as electrophoretically distinct urease species (Fig. 2, A and B) . Root URE1 is primarily a faster form, which comigrates with (embryo-specific) urease from a seed extract, and root URE2 is primarily a slower form, which migrates more closely with leaf urease (Fig. 2B) . Leaf (ubiquitous) urease electrophoretic mobility appears to be affected by its degree of purification ( Fig. 2B, LI versus L2 ). This is not surprising since the embryospecific ureases of soybean (14) (17) , on a denaturing gel (Fig. 3) . Ureases from root tissue show an additional, lighter (80 kD) species on denaturing gels, which is absent in seed urease. This double-band phenomenon is presently under investigation, and may be a result of a protease activity that is specific to root tissue. It is noteworthy that both root UREl and URE2 show this double-banding (Fig. 3 , lanes Al and A2).
Biochemical Analysis of Root URE1 and URE2 Recognition by Monoclonal Antibody to the Embryo-Specific Urease On Western blots of denaturing gels, MAbl raised against the embryo-specific urease shows reactivity to this enzyme but none to the ubiquitous urease of leaf. MAb 1 recognizes root URE1 but not root URE2 (Fig. 3) indicating that root URE1 and embryo-specific urease share some common epitope(s) not present in URE2.
pH Dependence
The pH profiles of urease activity in seed and leaf extracts were similar to those reported previously for the embryospecific and ubiquitous urease (7). Embryo-specific urease has a single broad maximum around pH 7.0, and leaf urease has a biphasic profile with maxima around pH 5.5 and pH 9.0 (Fig. 4, A and B) . The pH profiles of root URE1 and URE2 resemble those of the seed and leaf ureases, respectively (Fig.  4, A and B) .
Genetic Analysis of Root UREI and URE2
Urease pH profiles were determined in root crude extracts of genotypes lacking the embryo-specific (eul-sun/eul-sun [1 1, 17] ) and the ubiquitous (eu4/eu4 [18] ) urease activities (Fig. SA) . Roots (Fig. 5B ). In addition, this experiment showed that the double mutant (eul-sun/eul-sun, eu4/eu4) has little or no root urease activity. Thus, in all cases the root urease phenotype is consistent with our hypothesis that URE 1 is encoded by Eul and URE2 is encoded by Eu4.
URE1 Urease Activity Is Not Found in Adventitious Roots
To determine whether the Eul gene product, i.e. URE1, is found in all roots or just those developing from germinating seeds, we examined adventitious roots from cuttings of Eul genotypes (Williams 82 and eu4/eu4). Table I shows that eu4/ eu4 cuttings contain only trace root urease activity compared to seedling-derived roots of eu4/eu4. Indeed, adventitious eu4/eu4 roots have a basal activity comparable to that of seedling-derived roots of the eu4/eu4, eul-sun/eul-sun double mutant. Thus, Eul is not expressed in adventitious roots.
That the urease found in Williams 82 adventitious roots is encoded by Eu4 is indicated by its pH 7/pH 9 leaf-like activity ratio (approximately 0.5, Table 1 ) unlike the ratio~>1 observed in seedling-derived roots of Williams 82 (Fig. 5A ).
UREl Activity Is Not Found in "New" Root Tissue Urease specific activity in etiolated Williams 82 seedlings (Fig. 6A) is not uniform along the length of the hypocotyl/ radicle. Specific activity is lowest in young, rapidly dividing tissues (root tip, side roots) and highest in sections (e.g. rootshoot junction) containing a comparably higher number of older cells. This study was repeated several times, both with dark-germinated and light-germinated seedlings (data not shown), and with identical results.
Similar results were obtained with leafurease-negative (eu4/ eu4) seedlings (Fig. 6B) , which presumably contain only active seed (URE1) urease. Importantly, young root tissue of eu4/ eu4 (sections 1 to 3, Fig. 6B ) contains barely detectable activity compared with Williams 82.
The pattern of URE2 (presumably ubiquitous) urease activity is seen in a seed urease-null (eul-sun/eul-sun) seedling (Fig. 6C ), which appears to contain only this leaf-like isozyme in the roots (Fig. 5A ). Ubiquitous urease specific activity is also unequally distributed, but is highest in the youngest tissues, in a pattern opposite that seen in Williams 82 seedlings. Note that in Figure 6 , the specific activity scale for Williams 82 (Fig. 6A) is 70 times that of eul-sun/eul-sun seedlings (Fig. 6C) ; the predominant urease activity of Williams 82 seedling sections 3 to 9 is embryo-specific (URE1). Significantly, however, "new" root tissue (root tips and lateral roots [sections 1 and 2, Fig. 6 , A and C]) showed roughly equal urease activity in both genotypes suggesting lack of accumulation of URE 1 urease. 
URE1 Activity Declines during Seedling Root Development
The data indicate that adventitious (Table I ) and lateral (Fig. 6 ) roots from cuttings of both Eu4/Eu4 and eu4/eu4 lack the embryo urease, suggesting that the presence of URE 1 (embryo) urease in seedling roots is not the result of a rootspecific signal. Indeed, as seen from URE1 accumulation in eu4/eu4 seedlings this seed-like urease decreases drastically during root development (Table II ; all urease is seedlike by virtue of its pH 7/9 activity ratio). Total (i.e. URE1) urease activity in hypocotyl tissue was highest in the 4-d-old seedlings and dropped rapidly through day 10 to less than 10% that level in the hypocotyl stem and root mass of the 20-d-old plant. The green hypocotyl stem (section 2) of 20-d plants contains as much seedlike urease activity as the root mass. However, all tissues above the cotyledonary node (leaves, stem) contained barely measurable urease at day 10 and unmeasurable activity at day 20.
The urease specific activity ofthe dormant seed axis is twice Assay pH Cuttings of 3-week-old plants were excised above the primary leaf node and rooted in vermiculite as described. Urease specific activity was determined at pH 7.0 and 9.0 in root and leaf extracts of 6-week-old cuttings and of control seed-derived 3-week-old plants. Values shown are averages of three to four pooled individuals. TORISKY AND POLACCO diogram of developing cotyledonary proteins (Fig. 7C) shows some radiolabeling of urease. However, urease of the seedling radicle and cotyledon (Fig. 7, A and B) shows no detectable radioactivity, indicating that during the first 4 d of germination there is no de novo synthesis of the embryo urease in the cotyledon or radicle, at least to the extent detectable on these gels. It is emphasized that an equal amount of urease activity (20 units Although found in the seedling root, the embryo-specific (URE 1) urease is not apparently misnamed because it appears to have been laid down in the embryonic axis during seed development: (a) The axis of the dry seed has sufficient embryo-specific urease to account for all this seed urease activity in the hypocotyl/radicle (Table II) . (b) The URE1 urease is rapidly lost in the root during seedling growth (Table  II, Fig. 6 ). (c) The URE1 urease is not detectable in lateral seedling roots nor in adventitious roots (Table I, Fig. 6 ). (d) .,
The major seedling root urease (i.e. URE1 which represents approximately 100 times the activity of the ubiquitous urease [URE2] in 4-d-old seedlings) does not accumulate label from [35S]methionine during germination (Fig. 7) . By the above evidence, then, the two ureases in roots of young soybean plants are a mixture of seed urease (stored in the embryo axis) and the ubiquitous urease (synthesized de novo in the root). By 2 to 3 weeks the embryo-specific urease declines to half the total root urease (Fig. 1) and undoubtedly continues to diminish in older plants, since new root tissue contains little or no URE1 (Fig. 6) . However, it cannot be ruled out that URE 1 may be synthesized continuously in the root but at levels too low for detection by the methods used in this study.
On denaturing gels (Fig. 3) , root urease preparatons (both URE 1 and URE2) contain an additional smaller species (approximately 80 kD), which may be a transient product of urease turnover. It is significant that this 80 kD species is most prevalent in root tissue, and is associated also with URE2, which is presumed to be actively synthesized in root tissue. We are examining whether this species is a product of a specific protease activity, perhaps one unique to root tissue. Preliminary analyses of developing seedlings show that the 80 kD species is barely detectable in embryo root axes, and most abundant in the hypocotyl/radicle of older seedlings (data not shown).
The pattern of accumulation of urease isozymes in the soybean root is similar to that of the lypoxygenases, which are present in both the embryo root axis and the root. Three lipoxygenase isozymes are synthesized and stored in the axis and cotyledons (1) . These seed lipoxygenases decrease shortly after germination, and new lipoxygenase isozymes appear in the seedling hypocotyl/radicle. The new lipoxygenases are apparently distinct from the dormant seed species since they exhibit different isoelectric points and are made by each of three mutants lacking one of the seed lipoxygenase isozymes by Western blot using either rabbit polyclonal antisera (14) or MAbl to the seed urease. SOYBEAN ROOTS CONTAIN SEED UREASE (13) . Soybean lectin is detected in seedling roots up to the first 2 weeks following germination (19) . It is unclear whether this root lectin is identical to the seed lectin, and whether it is synthesized de novo in the root (4, 19) . The total level of lectin in seedling roots exceeds that of the embryo axes, and some lectin is detected in secondary roots (19) . In roots of seed lectin-negative soybean varieties, de novo synthesis of an apparently non-seed lectin was detected (21, 23) . Thus, while soybean roots synthesize a non-seed lectin it is not yet clear whether they retain the seed-specific species.
The identity of root URE 1 and URE2 to the embyo-specific and ubiquitous ureases agrees with our model that two distinct soybean urease isozymes, each encoded by a single gene, comprise all of soybean urease (6, 16) . Although URE2 is presumably identical to the ubiquitous urease found in other tissues of the soybean plant it exhibits slight differences in pH profile (the acidic pH optimum of eul-sun/eul-sun root urease (Fig. 5, A and B) is less pronounced than that of leaf urease [ Fig. 4B ] [7] ), and in native electrophoretic mobility (Fig. 2B ). These differences may reflect differences in the leaf and root cellular environments.
